INTRODUCTION
The use of nucleic acid vaccines is being investigated worldwide as a viable option for the prevention of infectious diseases (1-4; reviewed in 5, 6) . A major advantage of nucleic acid vaccines results from endogenous expression of the encoded protein(s) that may result in either direct processing of the protein in an antigen presenting cell or in cross presentation (7) . Thus, expressed proteins are processed and presented through major histocompatibility complex (MHC) class I and class II pathways and stimulate CD4 + and CD8 + T-lymphocytes (1, (8) (9) (10) . DNA vaccines, first introduced in 1988 (11) , are able to generate good immunity in small animals, particularly in common laboratory animals, but with a few exceptions have not been equally effective in non-human primates and humans (12) . Furthermore, the risk of integration of the introduced DNA resulting in insertional mutagenesis is a recognized, although perhaps only theoretical, risk (13) .
An alternative is to use RNA vaccines that retain the advantages of DNA vaccines without the disadvantages, including the aforementioned insertional mutagenesis and the possibility of inducing autoimmunity. RNA-based vaccines can be delivered in a number of different formulations (14) . In particular, RNA replicons derived from positive-sense RNA viruses have considerable potential as vaccine delivery vehicles (15) and may be delivered as DNA, naked RNA, or RNA that is packaged into virus-like particles. We have previously used Kunjin virus replicon RNA to generate cytotoxic T cell (CTL) responses in mice (16) , and this replicon shows promise as a vaccine delivery vehicle (17, 18) . RNA vaccines have the potential to induce strong cell mediated immunity (CMI) including CTL as well as antibody responses that would be advantageous in combating viral infections (19, 20) .
A general assumption regarding RNA vaccines, however, is that they are unstable and expensive. A recent review (14) presented a convincing argument that since it is possible to synthesize large amounts of RNA in vitro from a DNA template and because the bulk of the costs of a vaccine are related to regulatory affairs, this assumption is incorrect. Furthermore, it is axiomatic that RNA is only unstable in the presence of RNases and consequently it should be possible to synthesize and store RNA for a considerable period if contact with nucleases can be avoided.
Trehalose is a diglucose molecule that accumulates in certain organisms that naturally survive dehydration (21) and has demonstrated a protective effect when freezing mammalian cells (22) . The addition of trehalose to reverse transcription PCR (RT-PCR) or ligase reactions can result in thermostabilization of enzymes and resolve secondary structures of RNA resulting in increased yield of long cDNA transcripts (23) .
Consequently, the aim of this study was to develop a protocol for the synthesis and storage of the RNA replicon which was devoid of protein, DNA, and nucleases, and to examine whether the addition of trehalose 
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increased RNA stability as a first step toward the more general introduction of self-replicating RNA vaccines.
MATERIALS AND METHODS

In Vitro Transcription of RNA
The Kunjin replicon vector plasmid encoding either the hepatitis C virus (HCV) NS3 or HCV core proteins (24) was linearized using the restriction enzyme XhoI according to the manufacturer's recommendations (Promega, Sydney, Australia), and the DNA purified using High Pure PCR purification kit (Roche, West End, Australia). RNA was transcribed in vitro in a 20-μL reaction mix using the SP6 mMessage mMachine kit containing a 7-mG cap analog (Ambion, Thebarton, Australia) with the addition of 1 mM guanosine-5′-triphosphate (GTP), as recommended by the manufacturer. After different DNase treatments (described in the Results section), the RNA was purified using RNeasy kit spin purification columns (Qiagen, Doncaster, Australia), eluted from the column with nuclease-free water, and adjusted to a final concentration of 50 μg/mL in nuclease-free water (Promega). The quality and integrity of the RNA was assessed by gel electrophoresis in a 1% agarose TAE gel and visualized under UV light using 1 μg/mL ethidium bromide.
DNase Treatment
The efficiency of removal of the DNA template from the RNA preparation was compared using three sources of DNase: a) DNase I supplied with the mMessage mMachine in vitro transcription kit (Ambion), b) TURBO-DNase (Ambion) and c) the DNase-set for use with the spin purification columns (QIAGEN). These were each used according to the manufacturer's instructions individually or in combination as described in Results. The integrity of the treated RNA was assessed on a 1% agarose Tris-acetate-EDTA (TAE) gel and visualized under UV light using 1 μg/ mL ethidium bromide.
PCR Detection of Residual DNA
Residual DNA in purified RNA preparations was examined by PCR by the addition of 1 μL RNA to a 50-μL reaction using HCV core gene-specific primers CORE S 578→ 5′-TCTATGGCAATGAGGGCATGG-3′ and CORE AS 741→5′-GAGC-GGAATGTACCCCATGAG-3′.
The parameters of the reaction were 94°C for 5 min; 30 cycles of 94°C for 30 s; 55°C for 30 s; 72°C for 30 s; and a final extension of 72°C for 7 min. PCR products (163 bp) were detected by gel electrophoresis in a 3% agarose TAE gel and visualized under UV light using 1 μg/mL ethidium bromide. Distilled water and linearized plasmid DNA, or non-DNase-treated RNA represented negative and positive controls, respectively.
Freeze-Drying
The purified RNA was diluted 1:1 in water or 20% trehalose (in nucleasefree water) to a final concentration of 25 μg/mL RNA in water (RNA-W) or 10% trehalose (RNA-T). The RNA was dispensed in 200-μL aliquots (5 μg/vial) into sterile glass vials. The samples were frozen at -70°C, loaded into a freeze-drying apparatus, and a vacuum applied for 6 h at room temperature. The vacuum was broken with nitrogen gas and the vials sealed in situ. The samples were then stored at -70°, -20°, 4°, 37°C, or room temperature. Individual vials were removed for analysis at the following time points to examine if the freeze-drying process had any effect on RNA integrity, baseline (within 24 h of freeze-dry), 1 week, 1, 3, 6, and 10 months. At each time point, the vials were allowed to return to room temperature, and the RNA was re-dissolved in 200 μL nuclease-free water.
The yield and quality of the recovered RNA was examined by agarose gel electrophoresis analysis of a 40-μL aliquot. The intensity of the RNA bands at each time point was measured and analyzed using 
Transfection
Huh7 cells were seeded into a 24-well plate (Corning, Clayton, Australia) and grown to 60% confluence. For each sample, 6 μL DMRIE (Invitrogen, Mt Waverley, Australia) and 80 μL of the reconstituted freeze-dried RNA (equivalent to a maximum of 2 μg) were added to 600 μL OptiMEM serum free medium (Invitrogen). The cells were washed once with OptiMEM and 300 μL transfection mixture were added to each well. Additional cultures were plated on glass coverslips for immunofluorescence studies and treated in the same way. The cells were incubated in a 37°C humidified 5% CO 2 incubator for 4 h, the transfection medium then replaced with Dulbecco's modified Eagle's medium (DMEM)/10% fetal calf serum (FCS) and incubated for a further 48 h.
Immunofluorescence
The cells were washed in phosphatebuffered saline (PBS), air-dried for 10 min, then fixed in ice-cold acetone for 10 min. The coverslips were attached, cells facing up, to glass slides using DePeX (Biolab, Clayton, Australia) and stored at 4°C overnight. The cells were rehydrated in PBS, blocked using 2% FCS in PBS for 45 min, then stained with a 1:50 dilution of monoclonal anti-HCV-NS3 antibody (NovoCastra, Mt Waverley, Australia) for 1 h at 37°C, washed, then stained with 2 μg/mL Alexa 488 goat anti-mouse immunoglobulin G (IgG; Molecular Probes, Mt Waverley, Australia) at 37°C for 1 h. The cells were counterstained with propidium iodide (1 μg/mL), washed, and mounted in 80% glycerol, 100 mM Tris-HCl, pH 8.5, 100 mM NaCl then examined with a confocal microscope (Bio-Rad, Regents Park, Australia).
Immunoblot
The cells were removed by scraping into 400 μL 2 mM phenyl methyl sulfonyl fluoride (PMSF) in PBS. The cells were stored at -80°C until analysis, lysed with 5× Laemmli buffer, and the lysate heated to 90°C for 5 min before analysis on duplicate 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels. After transfer, one nitrocellulose membrane (Perkin Elmer, Waltham, MA, USA) was probed with anti-HCV-NS3 goat polyclonal antibody (ViroStat, Portland, OR, USA), and the other with anticalreticulin rabbit polyclonal antibody (Stressgen, Stepney, Australia) to act as a control. This was followed by the relevant horseradish peroxidase (HRP)-conjugated antibody (HRP rabbit anti-goat, Dako, Botany, Australia; HRP donkey anti-rabbit, Amersham, Castle Hill, Australia), and positive bands were detected using the ECL kit (Amersham). The level of expression was determined by phosphorimager analysis and the relative expression of NS3 measured against a standardized level of calreticulin expression in the different samples. Data were analyzed using ImageGauge V4.2 software (Fujifilm).
RESULTS
DNase Treatment to Remove DNA from In Vitro Transcribed RNA
The potential for the use of in vitro transcribed RNA in vaccines may be compromised by contamination with template DNA, as regulatory authorities are likely to prefer DNAfree RNA. Consequently, we examined the RNA for any residual DNA. The conditions used in the PCR would only be expected to generate a product from DNA rather than RNA. In our hands, DNase-1, supplied with the mMessage mMachine kit, consistently failed to remove all traces of template, as determined by PCR analysis of the RNA preparation ( Figure 1A , lane 2). Although this product was superseded by TURBO-DNase, which reduced the amount of contaminating DNA compared with the original method, there was still a detectable amount of DNA contamination of the RNA sample ( Figure 1A, lane 3) . The results using the DNase set supplied by Qiagen ( Figure 1A , lane 4) also failed to digest all DNA. These results showed that no single DNase treatment, commonly used by workers in the field, was sufficient to eradicate all residual DNA in the RNA preparations ( Figure 1A , lanes 2-4). We then compared the levels of residual DNA after combining DNase treatments ( Figure 1A , lanes 5 and 6) and observed that TURBO DNase treatment followed by treatment with the Qiagen DNase set in the Qiagen column resulted in undetectable levels of DNA after 30 cycles of PCR ( Figure  1A , lane 6). As the sensitivity of the PCR was determined to be 1 pg DNA (data not shown), this experiment determined that the RNA samples containing approximately 1 μg/mL RNA showed a residual DNA concentration of <1 pg/μL. Consequently, the most effective protocol to remove the DNA, using TURBO DNase and the DNase set followed by a Qiagen column, removed at least 99.99% of the DNA. Importantly, none of the DNase treatments had any effect on the yield and integrity (as determined by gel electrophoresis) of the RNA ( Figure 1B) . These results show that it is possible to remove DNA from in vitro transcribed RNA without compromising the quality of the RNA, thus making it safer for use as a vaccine delivery vehicle.
Reconstitution of Freeze-Dried RNA
To determine if the freeze-dry process itself was detrimental to the integrity of the RNA, a vial of each sample was reconstituted and analyzed 24 h after freeze-drying. Initially the quantity of RNA which was recovered was determined by UV adsorption spectroscopy, but it became clear that this was inaccurate due to the high adsorption by degraded RNA and nucleotides. Thus, the efficiency and quality of RNA recovered was analyzed by agarose gel electrophoresis alongside freshly transcribed RNA. The results show that there was a 42% decrease in the intensity of the RNA-W band and 20% decrease in the RNA-T band relative to the fresh RNA (RNA-F) (Figure 2A ). The intensity of the RNA-W band relative to the RNA-T band was 73%, suggesting that the RNA-W samples were either degraded during the freeze-dry process or that the recovery of these samples was reduced due to a decrease in the solubility of RNA dried in water as compared with that dried in trehalose.
The efficiency of recovery of RNA from the samples stored at different temperatures for increasing times was then determined. The efficiency of recovery of the RNA-T samples was determined in the 10-month samples by comparison of the intensity of the band against a fresh RNA sample using ImageGauge analysis ( Figure 2F and Table 1 ). This showed that the efficiency of recovery of the RNA stored for 10 months at -70°, -20° or 4°C was approximately 80%, similar to the efficiency of recovery 24 h after freezedrying (compare Figure 2, A and F ). We assume that this level of efficiency was similar for recovery of the earlier RNA-T samples stored at these temperatures. The absolute recovery of the RNA-W was then estimated Table 1 ) show a reduced recovery of RNA-W (Table 1) with increased time in storage in contrast to the RNA-T samples. In contrast, the RNA in the RNA-T samples was observed as a distinct band, particularly at temperatures of 4°C or lower. In addition, as might be expected, there was minimal recovery of RNA-W stored at RT and 37°C, and little survived beyond week 1. The overall data are highly reproducible, and the lack of any RNA in the RNA-T sample in track 4, 1-month sample ( Figure 2C ) is clearly an outlier due to a technical anomaly. This result is inconsistent with the other RNA-T data which show strong bands in samples from all time points at lower temperatures but weaker bands from samples stored at room temperature and 37°C. Somewhat unexpectedly, RNA stored at 4°C in both water and trehalose appeared to be equally stable to RNA stored at -20° and -70°C. The data set for the 10 months samples was incomplete as no sample was stored at room temperature.
In summary, the integrity of the RNA as determined by the appearance of a discrete band, and image analysis clearly demonstrated that RNA-T was superior to RNA-W and that storage at 4°C appeared superior to storage at -20° or -70°C. This improvement in RNA quality from the RNA-T samples is not likely to be due to increased solubility due to the presence of the sugar, as Figure 2A shows this to have a minimal effect on RNA recovery when the freeze-dried samples were reconstituted after 24 h.
Replication Competence of Reconstituted Replicon RNA
The described results showed distinct differences in the quality of the RNA stored at different temperatures and suggested that RNA-T was more stable than RNA-W. To confirm that structural integrity correlated with translational and replication competency, we transfected Huh7 cells and compared the level of expression of the HCV NS3 protein from the RNA samples stored for 6 months. The experiment was designed to ensure that the same proportion of the stored sample was used; although the data described previously showed that each sample contained unequal amounts of RNA, it was thought that this experimental design best reflected the aims of the study. The results of this experiment ( Figure 3A) showed that transfection with the RNA-T resulted in a higher proportion of cells expressing the HCV NS3 protein compared with the RNA-W samples, although the latter produced a surprisingly high level of expression.
Approximately 45% of cells expressed the viral protein after transfection with RNA-T or RNA-W that was stored at -70°C ( Figure 3A ). RNA-T that was stored at -20° or 4°C also showed a high transfection efficiency (49% and 43%, respectively) and only the samples which were stored at RT or 37°C showed decreased levels of transfection of 22% and 12%, respectively ( Figure 3A) , consistent with the data in Figure 2E . RNA-W showed considerably reduced levels of transfection. Samples stored at temperatures higher than -70°C showed a temperaturerelated loss of transfection efficiency so that RNA-W stored at -20° and 4°C produced transfection efficiencies of 25% and 15%, respectively; at room temperature and 37°C storage temperatures, less than 3% of cells were positive ( Figure 3A) .
The level of HCV NS3 expression in the Huh7 cells was then examined by immunoblot analysis. The results of this experiment showed that the level of NS3 expression was considerably higher in the RNA-T transfected cells, as determined by macroscopic analysis ( Figure 3B ) and by phosphorimager analysis ( Figure 3C ) using ImageGauge 4.2 software (Fujifilm) for analysis. Only the 6-month time point data are shown. These data show that the protein expression was higher in the Huh7 cells transfected with RNA-T than in cells transfected with RNA-W, irrespective of the RNA storage temperature. The immunoblot to detect NS3 in the sample stored at -70°C was negative despite an intense immunofluorescent signal and we assume this was due to a technical problem during processing.
The maximum relative expression after transfection was noted in the RNA-T samples stored at 4°C that showed a 3.6-fold expression over the corresponding RNA-W sample. Thus the ideal temperature for storage of RNA-T to achieve highest levels of protein expression in transfected cells is 4°C.
DISCUSSION
Vaccines are urgently required for many infectious diseases, including human immunodeficiency virus (HIV) and HCV, which are considered to require CMI for optimum efficiency. Although such responses can be generated by a number of strategies, it is thought that endogenous expression of the immunogen is likely to be most effective. CMI is readily generated with nucleic acid vaccines, and in this study we have outlined a method to store purified RNA for long periods without significant loss of activity. A major finding from the study is that replicon RNA, stored as a freeze-dried preparation for up to 10 months in trehalose at 4°, -20°, or -70°C, was translationally and replication competent. Thus, suitably prepared RNase-free RNA vaccines are no less stable than other conventional vaccines which require a cold chain to retain efficacy.
It was considered that the increased stability of RNA freeze-dried in the presence of trehalose was an effect of increased solubility due to the presence of the sugar. However, this is an unlikely explanation as Figure  2A shows that although there was a decrease in the band intensity of reconstituted RNA-W relative to RNA-T and a freshly prepared sample, this was not sufficient to explain the great decrease in band intensity at the other time points and the decreased level of protein expression after transfection with RNA-W.
A second finding from the study describes a method for the removal of DNA template from in vitro transcribed RNA. Although not of direct scientific relevance, this is an important point that will be considered by regulatory bodies which assess future vaccine candidates. The level of residual DNA was much lower than the acceptable level (suggested to be 10 ng/dose) and Research Reports this will increase the safety profile of RNA vaccines. Although we used the HCV core replicon in the DNase digestion study and the NS3 replicon in the study due to the availability of antibodies and primer pairs, the data are reproducible and will be equally applicable to any RNA molecule. Since the study was completed, Ambion has included the TURBO-DNase as standard in the mMessage mMachine in vitro transcription kit. Nevertheless, the additional purification step using the Qiagen DNase set followed by the RNeasy column is essential for effective removal of DNA. Generally, the method for DNA removal involves a single DNase step, which we have shown to be ineffective at removing all contaminating DNA. The method described herein is novel in that it uses a two-step method of DNA removal and uses PCR to confirm the absence of DNA. This is a highly sensitive way of determining the absence of any contaminating DNA. However, the significance of our finding has been reduced due to the recent release of a product by EPICENTRE Biotechnologies that also removes all DNA from RNA preparations, as determined by PCR.
A feature of the study is the remarkable stability of the RNA-T stored at or below 4°C (Figure 2) , whereas the RNA-W showed increasing degradation with increased time in storage. NS3 expression was detected at high levels in cells transfected with RNA-T whether the samples were stored at or below 4°C, and even RNA-T stored at RT and 37°C retained some translational activity. However, it appears that 4°C is the optimum temperature for storage of RNA-T ( Figure 3C ). This is an important feature of trehalose stabilization. In contrast, the RNA-W was completely degraded with increasing temperature of storage.
A number of studies have used RNA immunization, either by direct injection (4, 16, 17, 19, 25) or by pulsing dendritic cells with RNA for immunotherapy of infectious disease (reviewed in 26) or cancer (27) (28) (29) . However, very few studies have examined methods of long-term storage of RNA for vaccine studies. One group (30) which used gene gun technology for vaccination were able to store gold particles laden with mRNA at room temperature for up to 8 months without evidence of RNA degradation or loss of function, while another group (1) showed no loss in the activity of RNA-coated gold particles after storage for 5 weeks at 4°C. These are specific applications of RNA storage whereas freeze-drying RNA in the presence of trehalose, as described in our study, will have more widespread applications.
The results of this study provide support for the future potential of RNA vaccines. Using the disaccharide sugar, trehalose, as a stabilizing agent, DNAfree and protein-free RNA, stored for 10 months at 4°C, retained its function. As many of the viruses for which new vaccines are urgently required are transmitted by arthropod vectors in tropical countries (31), our novel findings will allow RNA vaccines to be considered as a viable option, even in developing countries where the cold chain may be restricted to 4°C.
